The t(14;18) translocation is a common somatic mutation in non-Hodgkin's lymphoma (NHL) that is associated with bcl-2 activation and inhibition of apoptosis. We hypothesized that some risk factors might act specifically along t(14;18)-dependent pathways, leading to stronger associations with t(14;18)-positive than t(14;18)-negative non-Hodgkin's lymphoma. Archival biopsies from 182 non-Hodgkin's lymphoma cases included in a case-control study of men in Iowa and Minnesota (the Factors Affecting Rural Men, or FARM study) were assayed for t(14;18) using polymerase chain reaction amplification; 68 (37%) were t(14;18)-positive. We estimated adjusted odds ratios (OR) and 95% confidence intervals (CI) for various agricultural risk factors and t(14;18)-positive and -negative cases of non-Hodgkin's lymphoma, based on polytomous logistic regression models fit using the expectation-maximization (EM) algorithm. T(14;18)-positive non-Hodgkin's lymphoma was associated with farming (OR 1.4, 95% CI ϭ 0.9 -2.3), dieldrin (OR 3.7, 95% CI ϭ 1.9 -7.0), toxaphene (OR 3.0, 95% CI ϭ 1.5-6.1), lindane (OR 2.3, 95% CI ϭ 1.3-3.9), atrazine (OR 1.7, 95% CI ϭ 1.0 -2.8), and fungicides (OR 1.8, 95% CI ϭ 0.9 -3.6), in marked contrast to null or negative associations for the same self-reported exposures and t(14;18)-negative non-Hodgkin's lymphoma. Causal relations between agricultural exposures and t(14;18)-positive non-Hodgkin's lymphoma are plausible, but associations should be confirmed in a larger study. Results suggest that non-Hodgkin's lymphoma classification based on the t(14;18) translocation is of value in etiologic research. (EPIDEMIOLOGY 2001;12:701-709) 18) NHL 703 * Case-subtype:control estimates were from polytomous logistic regression models fit using the EM algorithm. Case:case estimates were from binary logistic regression models restricted to assayed cases. All estimates are adjusted for state and age (restricted quadratic splines), unless otherwise indicated. The referent category included all participants (farmers and non-farmers) who did not report use of product on farms where they were employed. nc ϭ not calculated because of insufficient data.
Many epidemiologic studies have evaluated associations between farming and non-Hodgkin's lymphoma (NHL), but results have been inconsistent. 1 Recent studies have focused on specific agricultural exposures, 2,3 but the re-lation between farming and NHL is still unclear. While farming obviously encompasses diverse exposures, it is also true that NHL encompasses diverse outcomes, 4 -7 and studies have reported stronger associations between risk factors and subtypes of NHL than between the same factors and NHL in the aggregate. 8 -14 Unfortunately, subtype definitions do not always coincide, and NHL classification schemes are designed to group cases according to clinical, rather than etiologic, parameters. 15, 16 As an alternative, we evaluated associations between exposures and NHL subtypes defined by the t(14;18) chromosomal translocation, a common somatic mutation believed to be an early component step in the pathogenesis of t(14;18)-positive cases. 6, 7 The t(14;18) translocation joins the bcl-2 gene on chromosome 18 to the immunoglobulin heavy chain gene (IgH) on chromosome 14, resulting in increased production of bcl-2 protein, a potent inhibitor of apoptosis. [17] [18] [19] Lymphocytes with t(14;18) as their sole abnormality are not neoplastic, 19 -22 but they are effectively immortalized, and t(14;18)-positive cells that develop subsequent oncogenic mutations may not be eliminated through routine cell death mechanisms. 6 The prevalence of t(14;18)-positive lymphocytes varies considerably among individuals of similar age, possibly due to envi-ronmental and/or genetic factors. [23] [24] [25] [26] If so, such factors would be components in the pathogenesis of t(14;18)positive NHL. 6, 23, 24 Factors that increase the risk of neoplastic transformation among pre-existing t(14;18)-positive lymphocytes may also be associated with t(14;18)-positive NHL; consequently, a t(14;18)-NHL-specific association would not imply a specific mechanism of effect. Nonetheless, because t(14;18)-positive cases share at least one common causal component, they also should share a greater portion of their etiologic basis than NHL cases in the aggregate. 27 Therefore, we reasoned that t (14;18) subgrouping would increase the etiologic specificity of our outcome, and enhance our ability to identify NHL risk factors. To evaluate this approach, we used archival samples and extensive exposure data previously collected from participants in the National Cancer Institute's Factors Affecting Rural Men (FARM) study. 8
Subjects and Methods

CASE SELECTION
The FARM study ascertained 780 cases of newly diagnosed NHL in white men aged 30 or older. 8 
CONTROL SELECTION
We used data from all 1245 FARM study controls in this analysis. Controls were white males without hemolymphatic cancer, frequency matched to cases on age (within five-year groups), state, and vital status. 8 Potential controls were identified using random digit dialing (controls under age 65, 77% response), Health Care Financing Administration Medicare files (controls 65 and older, 79% response), and state death certificate files (deceased controls, 77% response among next-of-kin). Minnesota residents living in metropolitan areas were ineligible.
CASE-SUBTYPE ASCERTAINMENT
We determined the translocation status of FARM study cases using DNA extracted from archival paraffin-embedded tumor blocks. The State Health Registry of Iowa and the Environmental and Occupational Health Division of the University of Minnesota School of Public Health requested blocks beginning in 1997. A histopathologist (GD) reviewed newly-cut sections and classified them according to an approximation of the Revised European-American Lymphoma (REAL) system. 15 To identify t(14;18)-positive cases, we used a polymerase chain reaction (PCR) assay designed to amplify DNA spanning the most common region of t(14;18) chromosome fusion. 28 All laboratory work was conducted at the University of North Carolina (RB), without knowledge of sample histologic subtype or exposure status. DNA was extracted from deparaffinized sections, using a phenol:chloroform extraction procedure. All reactions included the J H consensus primer (5'-ACCT-GAGGAGACGGTGAGC-3') for IgH 28 , and two primers corresponding to bcl-2 segments near the major breakpoint region, MBR1: 5'-GAG AGTTGCTT-TACGTGGCCT G-3'; 28 and MBR2: 5'-CGCTT-GACTCCTTTACGTGCTG-3'. 17 A segment of the ␤-globin gene was amplified to confirm that samples could produce a 175-base pair control product. 29 DNA degradation may have been sufficient to prevent ␤-globin-but not t(14;18)-amplification in some cases, since many t(14;18) products were shorter than the ␤-globin control. Consequently, we classified ten t(14;18)-positive/␤-globin-negative cases as t(14;18)-positive, while 66 cases that failed to amplify either t (14;18) or ␤-globin (27% of those assayed) were unclassified.
PCR products were isolated using gel electrophoresis, denatured, and transferred to a nylon membrane using Southern blotting. Amplification was confirmed using radio-labeled probes for bcl-2 segments adjacent to each bcl-2 primer (MBR1 probe: 5'-CAACACAGAC-CCACCCAGAGC-3'; and MBR2 probe: 5'-GATG-GCTTTGCTGAGAGGTTTG-3'). A subset of cases was probed for IgH (5'-GGGTBCCWTGGCCCCAG-3', B ϭ GCT, W ϭ AT). Fifty-seven t(14;18)-positive cases were identified in the first round of PCR. Samples that were t(14;18)-negative but ␤-globin-positive (N ϭ 125) were subjected to a nested PCR assay, using interior primers corresponding to the probes above. Eleven additional t(14;18)-positive cases were identified using the nested assay.
Precautions were taken during all procedures to prevent sample contamination. Bcl-2 and IgH breakpoints vary, and random nucleotides are added when the breakpoints are fused; 30 consequently, amplification products should vary. We monitored amplification products for size variation, and cloned and sequenced 20 t(14;18)positive samples to confirm that products were unique.
EXPOSURE ASSESSMENT
In-person structured interviews were administered between August 1981 and May 1984. One-third (193 cases, 423 controls) were conducted with next-of-kin proxies. Information was collected about sociodemographic characteristics, tobacco and alcohol use, hobbies, pets, medical history, occupational history (including specific exposures at jobs held at least one year), and non-occupational exposures of a priori interest that occurred at least once a month for 1 year. 8, 31 Participants who worked on farms for at least 6 months after age 18 were considered farmers. Farmers were asked for detailed information regarding agricul-tural exposures, including specific pesticides (23 livestock insecticides, 34 crop insecticides, 38 herbicides, and 16 fungicides used in the region during the time of interest), specific crops and average acres planted, specific livestock and average herd sizes, and the timing and cumulative duration of employment on each farm. 8 We categorized pesticide exposure based on any reported use where participants worked, on personal handling of products, and according to use of protective equipment. Pesticides were grouped by chemical characteristics or evaluated individually. We also assessed exposure to fumigants used to preserve grain (carbon tetrachloride, carbon disulfide, methyl bromide, ethylene dibromide, phosphine), 32 consumption of unpasteurized dairy products, and exposure to livestock diagnosed with brucellosis or leukemia. Unexposed (referent) categories included non-farmers and unexposed farmers.
DATA ANALYSIS Many archival samples were not available, and over 70% of the FARM study cases could not be classified as t(14;18)-positive or -negative. Missing case-subtype information was associated with state of origin and related exposures, and was obviously associated with being a case. Consequently, ignoring unclassified cases may have biased estimates for case-subtypes compared with controls. To address this problem, we used the Expectation-Maximization (EM) algorithm, a statistical missing-data technique that maximizes the likelihood function using all available data, including exposure data from unclassified cases. 33 In brief, we estimated the probability of each case-subtype conditional on being a case, based on a polytomous logistic regression model of the observed data. Next, we constructed pseudo-data with observations missing case-subtype data apportioned to casesubtypes according to the probabilities for their covariate stratum. Then we modeled these data to determine new maximum likelihood probabilities, which were used to assign new pseudo-data. These steps were repeated until models converged. Variances were calculated based on the observed-data likelihood. Application of the EM method in this context has been described in detail elsewhere, and simulation studies demonstrated that this technique will prevent bias and improve precision relative to results obtained when unclassified cases are ignored, as long as absence is unrelated to the true casesubtype within covariate strata. 33a Case-only unconditional logistic regression models were used to compare associations between case-subtypes. Analyses were performed using Stata, Release 6.0 (Strata Corporation, College Park, TX). 34 We ignored exposures with fewer than 10 exposed cases, and report subtype-specific estimates only when there were at least four exposed cases in the subtype. All models included the frequency matching factors age (upper and lower tail-restricted quadratic splines 35 ) and state, but not vital status, which had little impact on effect estimates. Livestock, crop, and pesticide exposures were highly correlated, so they were modeled separately.
Non-agricultural exposures were evaluated as confounders if age-and state-adjusted case-subtype:control odds ratios were above 1.5 or below 0.65. These included a history of hemolymphatic cancer in a parent, sibling, or child; any tobacco use; pet cats; marital status; hair dye use; and composite variables representing occupational factors associated with each case subtype. We dropped these covariates from final models, since they had little influence on the estimates of interest.
Statistical interactions were modeled using indicator variables for independent or joint exposure, and a common referent group with neither exposure. Joint odds ratios were compared with those predicted for additive or multiplicative relations, and interaction contrast ratios (ICRs) were derived to quantify departures from the additive null. 36, 37 Joint exposures were evaluated among major pesticide classes; between major pesticide classes and livestock or crops; for agricultural exposures and use of tobacco or cigarettes; and for agricultural exposures and a family history of hemolymphatic cancer.
Results
Tumor blocks were retrieved for 40% (248) of the 622 FARM study cases, and 29% (182) were successfully assayed. State of origin was an influential determinant of retrieval success; 58% of assayed cases were from Iowa, compared with 47% of the total cases. Assayed cases also were more likely to have represented themselves at interview (76% vs. 67%). The distribution of assayed cases among NHL histologic subtypes was similar to that of all FARM cases. Sixty-eight (37%) assayed cases were t(14; 18)-positive and 114 were t(14;18)-negative. Proportions of t(14;18) cases overall and within Revised European American Lymphoma subtypes (Table 1) were comparable with previous reports. 15, 38 Participants in different state, age, and vital status categories were proportionately distributed between t(14;18)-positive and -negative cases.
Use of hair dye and a positive family history of hemolymphatic cancer were both associated with NHL ( Table 2) , as previously reported. 12, 39 Having been di- vorced, separated, or never married was more strongly related to translocation-positive cases. Having had a family history of hemolymphatic cancer and having been a widower were more strongly related to translocation-negative cases.
Farming was related more strongly to translocationpositive NHL [odds ratio (OR) 1.4, 95% confidence interval (CI) ϭ 0.9 -2.3] (Table 3 ) than t(14;18)-negative NHL (OR 1.0, 95% CI ϭ 0.8 -1.4). Farm operators were at increased risk for translocation positive NHL (OR 1.7, 95% CI ϭ 1.1-2.9), but not translocation negative NHL (OR 0.9, 95% CI ϭ 0.6 -1.3). Estimates for t(14;18)-positive NHL were similar for different time periods and categories of farming duration.
Neither NHL subgroup was associated with specific crops, with the possible exception of soybean cultivation and t(14;18)-positive NHL (OR 1.4, 95% CI ϭ 0.9 -2.1). Associations of similar magnitude (ORs 1.3-1.4) were found for t(14;18)-positive NHL and work on farms with dairy cattle, pigs, sheep, or horses, mules, or donkeys (Table 4 ). Meaningful dose-response trends were not evident when crop and livestock exposures were categorized by amount or duration. Livestock and crops were not associated with t(14;18)-negative NHL in general, but exposure to pigs diagnosed with brucellosis was associated with t(14;18)-negative NHL (OR 5.2, 95% CI ϭ 1. 4 -19) , based on a small number of cases ( Table  4 ). Consumption of unpasteurized dairy products or ex- posure to cattle or poultry diagnosed with leukemia viruses was not materially associated with either NHL subtype. Aggregate exposure to insecticides was not clearly associated with either case-subtype (Table 5 ), but cyclodiene chlorinated hydrocarbons were associated with t(14;18)-positive NHL, particularly dieldrin (OR 3.7, 95% CI ϭ 1.9 -7.0) and toxaphene (OR 3.0, 95% CI ϭ 1.5-6.1). Only one t(14;18)-negative case reported exposure to these products. Chlordane was weakly associ-ated with both NHL subtypes. Lindane, a non-cyclodiene chlorinated hydrocarbon, was associated only with t(14;18)-positive NHL (OR 2.3, 95% CI ϭ 1.3-3.9). Nicotine livestock insecticide was associated with t(14; 18)-negative NHL (OR 2.0, 95% CI ϭ 1.2-3.4).
Neither NHL subtype was associated with herbicides overall, but t(14;18)-positive NHL was associated with atrazine (a triazine herbicide, OR 1.7, 95% CI ϭ 1.0 -2.8) ( Table 5 ). Fungicides were associated with t(14;18)positive NHL (OR 1.8, 95% CI ϭ 0.9 -3.6), particularly phthalimides (Captan, Captifol) (OR 2.9, 95% CI ϭ 1.1-7.5, 4 exposed cases). Odds ratios were comparable with those shown when we restricted pesticide-exposed categories to include only farmers who personally handled products or farmers who did not use personal protective equipment. Additive and multiplicative expectations were similar for the joint exposures evaluated, and all joint estimates for t(14;18)-negative NHL were compatible with these expectations (data not shown). Most joint estimates for t(14;18)-positive NHL were also close to expected values. Joint exposure to farming and fumigants, however, was associated with a greater than additive increase in t(14;18)-positive NHL (joint OR 2.1, 95% CI ϭ 1.0 -4.0; ICR 1.3, 95% CI ϭ Ϫ0.1, 2.6), and similar joint estimates were noted for fumigants combined with soybean, chicken, dairy, or hog production ( Table 6 ). Larger but less precise departures from additivity were found for fumigants combined with fungicides or organophosphate insecticides.
Discussion
We found a consistent pattern of greater relative strength for t(14;18)-positive compared with t(14;18)negative associations for many agricultural exposures. Weak associations may have resulted from confounding, since we were unable to model individual agricultural exposures simultaneously. Nevertheless, we noted relatively strong associations between t(14;18)-positive NHL and chlorinated hydrocarbon insecticides, particularly cyclodienes and lindane. Cyclodienes were weakly associated with all NHL in a previous analysis of FARM data (OR 1.3) , while the odds ratio for lindane used on crops was 2.0. 8 We noted a moderate association between atrazine herbicide and t(14;18)-positive NHL, which contrasted with previous negative findings for all NHL. 8, 40 There was a small relative increase in t(14;18)positive NHL associated with livestock production, which was ubiquitous among farmers in this population. Previous reports have suggested that livestock producers, abattoir workers, and veterinarians may be at increased risk of NHL, 9, 10, [41] [42] [43] [44] [45] and work in meat packing has been specifically associated with follicular lymphoma (OR 1.6, 95% CI: 1.0 -2.6), a predominantly t(14;18)-positive histologic subtype. 10 In theory, causal associations with t(14;18)-positive NHL could result from exposures that affect the incidence of t(14;18), 23, 24 if other cofactors required to complete pathogenesis are present. 46 Studies of pesticide applicators suggest that pesticides might increase the risk of t(14;18) translocations. The prevalence of chromosomal gaps and breaks among peripheral blood lymphocytes was increased during the peak spraying season, 47 and peripheral lymphocytes from pesticide applicators had increased double-strand DNA breaks at 18q21 and 14q32, the chromosomal regions involved in t (14;18) . 48 Published studies have not, to our knowledge, specifically evaluated relations between pesticides and t(14; 18)-positive lymphocytes.
Causal associations with t(14;18)-positive NHL also could result if exposures affect the prevalence, rather than the incidence, of t(14;18). 6, 23, 24 Livestock producers are exposed to dusts that may contain non-specific Blymphocyte mitogens. 49, 50 In theory, such exposures could multiply risks by stimulating the clonal expansion of t(14;18)-positive lymphocytes, thereby increasing the 18)-positive NHL among those exposed to one of the covariates in each exposure pair, with those without either exposure. ‡ OR compares t(14;18)-positive NHL among those exposed to both covariates in each exposure pair, with those without either exposure. § Interaction Contrast Ratio (ICR). ICR ϭ 0 suggests that the relative risk associated with joint exposure is compatible with the additive null when averaged over the population.
number of cells susceptible to t(14;18)-positive NHL. 6, 23 In addition, immunologic activation triggers a somatic hypermutation process that could theoretically increase the risk of oncogenic mutations in immortalized t(14; 18)-positive cells. 51 In this scenario, t(14;18) would be a cause of increased susceptibility to an exposure, rather than a direct effect of exposure. Pesticide-induced T-lymphocyte suppression and secondary viral infection has been proposed as a cause of NHL, 52 but NHL risk factors that cause immune dysfunction (HIV infection, therapeutic or hereditary immune suppression) tend to be associated with histologic subtypes that are predominantly t(14;18)-negative. 53, 54 Agricultural factors associated with t(14;18)-negative NHL in this analysis included brucellosis in swine (probably Brucella suis) and nicotine livestock insecticide. Brucellosis is a reportable zoonotic disease associated with livestock production, abattoir and veterinary work, and consumption of unpasteurized dairy products. Over 90% of human cases of brucellosis in the United States may be undiagnosed. 55, 56 If swine-derived human infection is a relevant factor, then the true risk of t(14;18)negative NHL could be much higher than suggested by the odds ratio of 5.2 for exposure to pigs diagnosed with brucellosis.
We noted greater than additive joint odds ratios for t(14;18)-positive NHL and fumigant exposure combined with agricultural exposures. This finding might indicate biologic interactions, or could be related to a particular mode of fumigant use, for example, in enclosed feed storage facilities. Fumigant exposures may be associated with NHL among workers in the flour industry. 32 Some concerns have been raised about the ability of farmers to recall accurately their use of specific pesticides. This problem may have led to exposure misclassification in our study, but would have been more likely to mask associations than create spurious ones. 57, 58 It is unlikely that exposure misclassification, recall bias, or interviewer bias would have been differentially associated with case-subtypes.
One-third of study participants were represented by next-of-kin respondents, and these were more likely to be classified as unexposed to pesticides, or to be missing data on specific agricultural exposures. 58 Effect estimates for t(14;18)-positive NHL tended to increase slightly when proxy data were excluded, but this change may have been due to combined effects of improved exposure classification and the exclusion of cases with more rapidly fatal disease. The use of deceased controls for deceased cases is also a concern, since exposures associated with early mortality (e.g., cigarette smoking) may be over-represented in such controls. 59, 60 We do not know the extent to which this would have affected risk estimates for agricultural exposures; however, adjusting for vital status had little impact on model results.
Some false-negative outcome classification was likely, due to t(14;18) breakpoints outside the range of PCR primers. The MBR1:J H consensus primer set has been reported to miss approximately 20% of t(14;18) breakpoints. 29 The sensitivity of our assay may have been improved by the addition of the MBR2 primer, which increased the range of bcl-2 breakpoints we could detect; nine of our t(14;18)-positive cases had breakpoints outside the range of MBR1. A sensitivity analysis demonstrated that false-negative classification of t(14;18)-positive cases would have biased estimates for t(14;18)negative NHL toward those for -positive NHL, while estimates for t(14;18)-positive NHL would have been unaffected, as long as misclassification was independent of exposure. We were careful to avoid PCR contamination, a possible cause of false-positive t(14;18) amplification. Analyses that excluded cases most likely to have been contaminated (␤-globin negative cases and cases identified via nested PCR) were comparable with results for all assayed cases.
We were unable to classify over two-thirds of the FARM study NHL cases, and the uneven distribution of these cases with regard to state of origin and related characteristics could have led to biased estimates if unclassified cases were ignored in our analysis. Instead, we used the EM method of model-fitting, 33 which we have previously shown will reduce bias related to missing data, as long as unclassified cases are not related to casesubtypes within covariate strata. 33a Translocation status would not affect the likelihood of diagnostic biopsy for NHL, and neither block availability nor sample adequacy was associated with tumor histology, grade, or anatomic site. Deceased cases were more likely to be unclassified, but vital status was not associated with translocation status among assayed cases. Therefore, we believe that EM method assumptions were met.
Our use of exposure data and archival samples from a previous study was efficient, but estimates were unstable because of small numbers in case-subtype groups, and our ability to use detailed exposure data was limited. Although confounding by unmeasured factors cannot be ruled out, established risk factors (HIV 61 or HTLV infection, 62 immune suppression) are unlikely to have been associated with NHL in the FARM study population. We could not adjust estimates for shared agricultural exposures, however. Our control group undoubtedly included participants with increased t(14;18)-positive lymphocytes, and the magnitude of relative effect estimates for exposures acting at this intermediate step would have been reduced in proportion to the number of such controls. Although this misclassification is an obvious limitation in our study, it is one that is probably common to all studies of multi-factorial diseases.
In conclusion, we found weak to relatively strong associations between many agricultural exposures and t(14;18)-positive, but not t(14;18)-negative NHL. Our findings support the hypothesis that outcome subtypes defined by t(14;18) have greater etiologic specificity than NHL in the aggregate. This outcome classification was based on a single pathogenic component that may act in multiple complex causal pathways. More substantial increases in specificity might be achieved in a larger study with case subgroups defined by multiple markers of underlying pathogenic mechanisms. 27 In addition, a longitudinal study of t(14;18)-positive NHL risk factors, t(14;18)-positive lymphocytes, and t(14;18)-positive NHL might help clarify the pathogenic process, 24 and identify steps in NHL pathogenesis that are susceptible to intervention.
